Conventional methods of risk assessment typically employed to evaluate the impact of hazardous waste incinerators on public health must rely on somewhat speculative emissions estimates or on complicated and expensive sampling and analytical m ods. The limited amount ofticological information concerning many of the compounds detected in stack emissions also complicates the evaluation ofthe public health impacts of these facilities. An alternative approach aimed at evaluatingthe public health impacts associated with volatile orgnic stackem ois pr ed that rdies on ascreening criterion to evaluate total stack hydrocarbon emissions. If the concentration ofhydrocarbons in ambient air is below the screening criterion, volatile emissions from the incinerator are judged not to pose a significant threat to public health.
Introduction
Federal, State, and local statutes and regulations govern permitting hazardous waste incinerators in California (1-4). Federal requirements include a 99.99% destruction and removal efficiency (DRE) for compounds that are difficult to incinerate, limits on the emissions ofparticulates and HCI (I), and proposed controls on carbon monoxide, total hydrocarbon, and the emission ofcertain metals (5) . California requirements that govern permitting incinerators necessitate the preparation of an environmental impact report that includes an assessment of the impact ofthe proposed facility on public health (4) . Local air districts that have authority to regulate the operation of hazardous waste incinerators (3) in California have required that a risk assessment be performed before a permit to operate the facility is issued.
The requirement to undertake a risk assessment does not necessarily ensure that the facility will not pose a significant risk to public health. Risk assessment methodology, when applied to incineration technology, is extremely tenuous. Given the environment of the stack, emissions are difficult to sample and characterize. As indicated by the Science Advisory Panel, only a limited number ofconstituents emitted from the stack have been "qualitatively or quantitatively identified" (6) . Even if a complete inventory ofthe stack emissions were ascertained, little is known concerning the toxicity associated with many of the constituents.
In addition to the problems associated with identifying and quantifying the risk associated with stack emissions, risk assessments of hazardous waste incinerators generally do not reflect the changing nature of wastes received at commercial facilities and may not address the actual operating conditions at a facility. Due to expense and to major technical difficulties, the routine monitoring of stack emissions for hazardous constituents is currently impractical.
Given the difficulties of evaluating the emissions of hazardous substances using conventional risk assessment methodology, several alternative approaches have been advanced as a method to screen out certain facilities that do not appear to pose a significant risk to public health (7) (8) (9) . One approach employs a generic criterion to screen out facilities with relatively low levels of noncarcinogenic stack emissions (7) . If the emission of any noncarcinogenic compound results in an ambient air concentration below the generic screening criterion, the compound is considered not to pose a significant risk to public health.
A second alternative approach uses the criteria for the most potent organic compounds identified in the stack emissions to evaluate the risk associated with stack emissions (8) . Using an iterative procedure, the criterion for the most potent toxicant identified in the stack emission is first employed to evaluate the risk associated with the emissions ofall hydrocarbons. If significant risk is demonstrated due to the assumption that all hydrocarbons are as potent as the most potent identified compound, the risk is quantified for this compound alone and all ofthe remaining compounds are evaluated using the criterion for the next most potent compound. The evaluation is continued until a determination of whether the stack emissions pose a significant risk to public health.
Recently, the EPA proposed controls on carbon monoxide or total hydrocarbon (THC) stack emissions from hazardous waste incinerators to ensure that the emissions of the products of incomplete combustion (PICs) do not significantly impact public health (9) . Concerned Since these criteria were developed with a similar intended use, they can be ofvalue by providing a basis for the development ofa screening criterion. Existing ambient air criteria provide the basis of the first set of screening criteria. In order to be used properly, adjustments to some of the criteria are necessary.
Criteria from various agencies have been expressed using several formats. Some criteria are expressed as a concentration of a toxicant in the medium of exposure (e.g., micrograms per cubic meter of air) or as a daily intake of a toxicant from the medium of exposure (e.g., micrograms/day). Criteria that are expressed as daily intake were transformed into criteria expressed as a concentration in air by allocating the allowable daily intake to 20 m3 of air.
Criteria for carcinogenic compounds have been expressed using different formats. Some criteria are expressed as a potency factor (in units such as [milligrams/kilograms/day]-'), other criteria are expressed as the concentration of the carcinogen in the medium of exposure associated with 10-6 risk. Criteria have been reported as a range of concentrations in a medium associated with various levels of risk. Other criteria are expressed as a unit risk factor, i.e., the risk associated with exposure to given level of the compound in the medium of exposure (e.g., 1 Aug/m3). To obtain the necessary uniformity in the manner that the criteria are expressed, all criteria for carcinogenic substances were transformed so that they are expressed as the concentration ofthe compound in air associated with 106 risk.
In addition to health-based concerns, many other considerations have been employed in the development ofa number ofthe criteria. These considerations include the technical feasibility of achieving a health-based objective, economic considerations, organoleptic considerations, and analytical detection capabilities. A number ofcriteria have been established at the level ofan existing standard. Other criteria have been established at the level ofa criterion ofa similar compound. In this instance, equivalence in the toxicity and the potency of the two similar compounds is assumed.
All existing criteria, except those based on an extrapolation from a similar compound, were used to develop the first set of screening criteria. Even criteria based primarily on nonhealth considerations or whose basis could not be ascertained were used. A criterion that was established at the level of an existing standard or that duplicated the development ofanother criterion was included, as long as it appeared that the criterion was based on a new independent analysis. These criteria were included because it appeared that the new evaluation could have established any one ofthe criteria at a different level, but instead reconfirmed the basis of the earlier criterion.
Criteria established at the level of a similar compound were excluded from the development of the candidate screening criteria. The bases of these criteria were judged not to be independent ofthe related compounds. Inclusion ofthese criteria would have disproportionally weighted those criteria from which such an extrapolation occurred.
Screening Criteria from Ambient Air Criteria Ambient air criteria developed by various agencies were first segregated into the three classes of compounds associated with stack sampling: metals, volatile compounds, and semivolatile compounds. Criteria for volatile compounds were arranged from the most potent to the least potent criteria. The most potent, 95 % most potent, and 90% most potent criteria were selected to compose the first set of candidate screening criteria.
Maximum Exposure Limits
The use of unmodified criteria would inevitably introduce many nonhealth-based considerations into the development ofa screening criterion. Should a screening criterion based on unmodified criteria be employed to evaluate the impact ofincinerators on the public health, the analysis would reflect these nonhealth-based considerations. Therefore, a second set of candidate screening criteria was developed from ambient air criteria that were modified to reflect only health-based considerations. A third set of candidate screening criteria was developed from both modified ambient air and drinking water criteria.
All modifications to the criteria were undertaken by using the documentation describing the bases of the criteria. All adjustments to the criteria were instituted to reflect the situation had only health-based considerations been employed in the development of the criteria. When insufficient or no information was available that documented the derivation of a criterion, that criterion was excluded. A criterion that was not based in part on health consideration was also excluded.
Using the basis documents, which described the development of the criteria, maximum exposure levels (MELs) were ascertained. The MEL for a carcinogenic substance is the lifetime daily exposure (micrograms/day) associated with a 10-6 risk. For all other compounds, the MEL is the maximum daily exposure (micrograms/day) anticipated not to produce an adverse effect. The MEL is the daily intake of the toxicant from the medium of exposure and not the absorbed or retained dose.
The fundamental tenet in generating a MEL from a criterion was to make as few modifications as possible from the approach employed to develop the criterion. The derivation ofa MEL and a criterion were essentially identical for most ofthe compounds. A number of issues needed to be addressed to ensure that a uniform approach was employed in developing MELs from the large number of available criteria. They included: a) Toxicokinetics: Toxicokinetic considerations are always addressed in the development ofa criterion, even when no specific information concerning toxicokinetics is available. The same toxicokinetic considerations used to develop a criterion were employed in the derivation of the MEL. b) Low-dose extrapolation: For carcinogenic substances, the approach used in the derivation ofthe criterion was employed to estimate the potency ofthe compound in the development ofthe MEL. c) Uncertainty factors: A wide range of uncertainty factors have been employed in the development ofcriteria. The identical uncertainty factors that were used to develop the criterion were retained in the derivation of the MEL. d) Route ofexposure allotment: The derivation ofa number of criteria include the assumption that only a portion ofthe total exposure is contributed by the medium ofexposure. For example, only 20% ofthe total exposure may be allocated to drinking water when developing a criterion for that medium. The other 80% of the total exposure is assumed to occur from other media of exposure. The development of MELs from all criteria is based on 100% of the total exposure being derived from the medium of exposure.
e) Toxic end point: The toxicological end point that served as the basis in the derivation ofthe criterion was used to develop the MEL. If more than one end point was described, the most sensitive end point was selected. The most sensitive end point was usually related to chronic exposure. J) Medium of exposure: A number of criteria have been developed assuming exposure from more than one medium ofexposure. For example, Ambient Water Quality Criteria are based on exposure to the toxicantby the ingestion ofdrinking water and the consumption offish that have been exposed to the toxicant in ambient water. Since uniformity in the exposure scenario underlying the various criteria is required for the development of screening criteria, the Ambient Water Quality Criteria were adjusted to reflect exposure due only to the ingestion ofambient water.
As described earlier, criteria have been expressed either as a concentration ofthe toxicant in the medium ofexposure or as the daily intake from the medium of exposure. All MELs were expressed as the daily intake from the medium of exposure.
Candidate Screening Criteria from MELs
Derived from Ambient Air Criteria
The MELs derived from ambient air criteria were segregated into the three classes of compounds associated with stack sampling: metals, volatile compounds; and semivolatile compounds. MELs derived from volatile compounds were arranged from the most potent to the least potent MEL. The most potent, the 95% most potent MEL, and the 90% most potent MEL were selected as the second set of candidate screening criteria.
Candidate Screening Criteria from MELs Derived from Ambient Air or Drinking Water Criteria
The number ofambient air criteria for volatile compounds that are available to provide a basis for a screening criterion is very limited. Using MELs derived from both drinking water criteria or from ambient air criteria would markedly expand the number of available criteria. However, the use ofdrinking water criteria as a basis for establishing a screening criteria for exposure to toxicants in air introduces additional questions concerning the technical defensibility of the screening criterion.
MELs derived from both dfinking water or ambient air criteria were segregated into the three classes of substances associated with stack sampling: metals, volatile compounds, and semivolatile compounds. MELs derived for volatile compounds were ordered from the most potent to the least potent MEL. The most potent, 95% most potent, and 90% most potent MEL were selected as the third set of candidate screening criteria.
Facilities
Over the past decade, a variety of different incineration technologies have been evaluated primarily for their efficiency in destroying hazardous wastes. The determination of the destruction and removal efficiency for an incinerator involves quantifying both the amount of certain difficult to incinerate compounds that are in the waste processed during a trial burn and the level of these compounds emitted from the stack. When a variety of compounds are monitored during a trial burn, the results from these studies provide useful data for comparing an evaluation ofthe impact ofa facility on public health based on using screening criteria with that based on conventional risk assessment methods.
Trial burns at 20 facilities were judged to be suitable for inclusion in this study. Most types of incineration technology are represented by these facilities ( Table 2 ). The wastes processed during the tests and the air pollution control equipment at each facility were quite variable (Table 3) . Many toxicants were not detected in all runs ofa trial burn. In runs where a toxicant was not detected, the toxicant was assumed to be present at the detection limit for that run if it had been detected in another run ofthe trial burn or not present ifthe detection limit was not reported. In the second evaluation, the concentration of a compound was assumed to be zero in runs where it was not detected. Both approaches yielded essentially the same estimates of the concentration of toxicants in stack emissions (data not shown).
Once the concentration oftoxicants in the stack emissions were ascertained, the emission rates from the stack was derived using the reported stack exhaust gas flow rates. The emission rates of the volatile compounds in combination with air dispersion modeling was employed to estimate the potential impact of the emissions on air quality.
Air Dispersion Modeling
Gridded, fine-scale air dispersion modeling was performed using the UNAMAP 
Results
Seven hundred assorted health-based criteria were compiled for the purpose ofevaluating stack emissions from incinerators using health-based screening criteria. Candidate screening criteria were derived from available ambient air criteria, from MELs derived from ambient air criteria, or from MELs derived from both ambient air or drinking water criteria. The most potent, 95 % most potent, and 90% most potent criterion or MEL were selected to constitute the candidate screening criteria (Appendix ,  Tables Al and A2 ).
The set of candidate screening criteria based on ambient air criteria were virtually identical to the set ofcandidate screening criteria based on MELs derived from ambient air criteria. Therefore, only two sets ofscreening criteria need to examined to determine ifthey canbeemployedto evaluatethepublic health impacts of hazardous waste incinerators. Although developed using somewhat different approaches, the screening criteria based on MELs or ambient air criteria are quite similar ( Table 4) . The comparable screening criterion in each group differed at most by 33%. cScreening criteria based on ambient air criteria.
All ofthe MELs or ambient air criteria selected as screening criteria are basedon the carcinogenic activity ofthe compound. Therefore, the evaluation ofrisk to the public health associated with incinerator emissions using the screening criteria is expressed as a risk of developing cancer.
Screening Criteria Based on Maximum Exposure Levels Derived from Ambient Air or Drinking Water Criteria
The screening criteria based on MELs were employed to evaluate the results of the air dispersion modeling of emissions from various incinerators. A conventional method ofrisk assessment was employed to evaluate the risk associated with carcinogenic volatile hydrocarbon emissions. The evaluation was undertaken for both an urban coastal environmental setting (Table 5 ) and a rural inland environment ( Table 6 ).
The estimates of risk derived by employing the screening criteria varied considerably. The estimates of risk ranged from 60,000 x 10-6 for the site G incinerator, based on the most potent MEL and an urban location, to 0.004 x 10-6 for the Ogden, California, facility, based on the 90% most potent MEL and the facility being located in a rural inland environment.
Using 10-6 risk ofdeveloping cancer as a benchmark, the risk associated with stack emissions as delineated by the various screening criteria were compared. Based on meteorological data for a rural setting, 18 of the 19 facilities evaluated exceeded the 10-6 level ofrisk when the screening criterion for the most potent MEL was employed. Nine facilities exceeded a level of 10-6 risk based on the screening criterion established at the 95% most potent MEL. Three facilities exceeded a 10-6 risk using the screening criterion established at the 90% most potent MEL The risks associated with the incinerators based on meteorological data from the urban setting were considerably higher than those determined using data from the rural environment. All CResults expressed as risk (x 10-).
derived from MELs, estimates ofrisk based on screening criteria derived from ambient air criteria always exceeded estimates using a conventional method of risk assessment. The screening criterion based on the 90% most potent ambient air criteria also yielded the best estimate of risk when compared to that derived by a conventional method of risk assessment (chi square goodness of fit analysis).
Flame Ionization Detector
At a limited number of facilities, total hydrocarbons in stack emissions were monitored using a flame ionization detector (FID). Air dispersion modeling was used to estimate the maximum annual average concentration of THC adjacent to the incinerator associated with the stack emissions. The risk associated with THC as determined using an FID were compared with that approximated by cumulating volatile and semivolatile compounds emitted fromthe stack( Table 7 ). The riskbased ontotal THC as measured using an FID exceeded the risk based on THC as approximated by cumulating volatile and semi-volatileemissions by an order ofmagnitude for all ofthe facilities.
The feasibility of achieving stack THC emissions associated with 10-6 risk was investigated. Only one of seven incinerators achieved THC emissions associated with a risklevelof 106based on the use ofthe screening criterion (Table 8) . However, at four facilities, total hydrocarbons were not detected, and therefore could have achieved a level ofemissions associated with 10-6 risk. Only attwo facilities didthe levels ofTHC emissions substantially exceed levels associated with 10-6 risk. CTHC stack emissions associated with 10-6 risk.
Discussion
Many difficulties are usually encountered in an evaluation of the public health impacts associated with emissions from hazardous waste incinerators using conventional methods of risk assessment. Conventional methods require the identification and quantification ofchemical constituents in stack emissions, an extremely difficult and expensive undertaking. Even ifanalytical procedures properly characterized various constituents in stack emissions, the lack ofhealth-based criteria for many ofthe these compounds complicates any evaluation of the risk associated with a hazardous waste incinerator.
The use ofa screening criterion to assess the risk to the public health could alleviate many of the problems encountered when employing conventional methods. Only total hydrocarbon emissions may need to be measured, instead of the technically difficult and costly procedure ofmeasuring the individual volatile hydrocarbons in stack emissions. This reduced requirement could facilitate a more routine monitoring of stack emissions.
Screening Criteria
Various health-based criteria developed as the result ofa wide range of mandated California and Federal programs were assembled to provide the basis for the screening criterion. This universe of health based-criteria was assembled because it was judged to best represent the diverse spectrum of chemicals that could be encountered in waste streams generated by industrial processes. From the assembled criteria for volatile compounds, three sets of candidate screening criteria were developed.
The screening criteria were employed to evaluate total hydrocarbon emissions. THC emissions and not the emissions of volatile compounds were evaluated using the screening criteria, even though only the volatile constituents were ofconcern. Although the evaluation for most ofthe facilities could have been limited to just volatile compounds, the monitoring of individual volatile compounds in stack emissions is very difficult. Since it had previously been shown that semivolatile components of THC do not present a significant threat to public health (10) , an evaluation based on THC and not total volatile compounds could only yield a more conservative estimate of the risk.
Three sets of screening criteria were developed as candidates for a screening criterion. One set ofcandidate screening criteria is based on essentially unmodified ambient air criteria. The principal advantage associate with this set of candidate screening criteria is that existing criteria themselves provide a basis for evaluating incinerators. The major disadvantage stems from the limited number ofcriteria available that serve as the basis for the screening criterion. This group of screening criteria, based on the limit number of available ambient air criteria, was judged to least represent the universe of chemicals found in hazardous wastes.
A second group ofcandidate screening criteria was generated from MELs derived from ambient air criteria. The major advantage associated with this set ofcandidate screening criteria is that the MELs are based solely on health considerations. The principal disadvantage associated with this set ofcriteria is that only a limited number ofambient air criteria are available to provide a basis for the screening criterion. Since this set of screening criteria was virtually identical to that derived directly from the ambient air criteria, no evaluation of the stack emissions was undertaken.
A third set ofcandidate screening criteria was based on MELs derived from both ambient air and drinking water criteria. The advantage of this approach is that many more criteria are available to provide the basis for the development of screening criteria. This group of screening criteria was judged to best represent the universe of chemicals that can be encountered in hazardous wastes generated by various industries. The major drawback associated with this set ofcriteria is that the drinking water criteria, which are usually based on studies where the toxicant was administered by an oral route, are employed to provide the basis ofa screening criterion for air toxicants. Using toxicity data developed from a different medium of exposure is not without precedent since many criteria are based on studies where exposure occurred by a route or in a vehicle different from the medium ofexposure. Problems can arise when extrapolating toxicity information from one medium ofexposure to another. Some toxic effects observed following exposure to a toxicant in one medium may not be observed following exposure to the same toxicant in a different medium.
With the understanding that toxicity can be influenced by the route of exposure, studies where exposure occurred by one route have been employed to develop criteria for a different medium. Differences in toxicokinetics should be addressed when employing studies where exposure occurred from a different medium. Usually, differences in absorption are the major concern, although differences in metabolism should be investigated.
In general, ambient air criteria based on studies where the toxicant was administered by the oral route would be expected to provide a conservative basis for criteria aimed at evaluating longterm exposure to toxicants in air. Most criteria are based on lowlevel, long-term exposures to toxicants. More complete absorption would be generally be anticipated to result from exposure from the oral route when compared to exposure by the inhalation route.
The more rapid absorption that would be expected following exposure to a toxicant in air would be a major concern for high levels of exposure. The more rapid absorption resulting from exposure to the toxicant in air could result in acute toxic effects. However, these levels of exposure are much greater than the levels associated with criteria based on chronic toxicity. At the lower levels of exposure associated with most of the criteria developed to evaluate chronic exposure to toxicants, the total amount of absorption and not the rate of absorption is the critical issue in evaluating the potential impact on public health.
Evaluating the Candidate Screening Criteria
The two sets ofcandidate screening criteria were employed to evaluate THC stack emissions from the various hazardous waste incinerators. THC emissions were measured at only a limited number of facilities using an FID detector. Therefore, THC emissions were approximated by cumulating the emissions ofall volatile and semivolatile compounds. Both ofthese measures of THC were evaluated using the screening criteria.
THC As Approximated by Volatiles and Semivolatiles
While each ofthe three sets ofcandidate criteria have advantages and disadvantages, all could be employed to assess the impact ofhazardous waste incinerators on the public health. As indicated earlier, any screening criterion should be as conservative in estimating the public health impact of an incinerator as conventional approaches of risk assessment typically employed to evaluated these facilities. Use ofthe screening criteria should also provide some important advantages for evaluating an incinerator when compared to a conventional approach ofrisk assessment. In order to determine ifany ofthese screening criteria fulfill these conditions, it was necessary to compare an evaluation of incinerators based on the screening criteria with a conventional approach to risk assessment.
Both sets of screening criteria always yielded estimates of risk to the public health that were more conservative than a conventional method of risk assessment. Two screening criteria, the 90% most potent MEL or the 90% most potent ambient air criteria, provided the best estimate of risk when compared to a conventional method of risk assessment. Since the screening criterion based on MELs captures a much greater range of the universe ofchemicals emitted from a stack, this criterion is considered to be the best choice for use as a screening criterion.
Estimates ofriskbased on the screening criterion would always exceed that determined by conventional methods ofrisk assessment ifmost compounds emitted from the stack are no more potent than the screening criterion. Only if compounds more potent than the screening criterion compose a large fraction ofthe total stack emissions would the use of the screening criterion underestimate risk.
THC As Measured by an FID
Estimates of risk based on THC as measured by an FID were substantially greater than that based on detected volatile and volatile emissions. Use of the FID yielded estimates of risk an order of magnitude greater than that based on using volatiles and semivolatiles. Very little information is available describing the nature of the compounds detected by the FID from the stack of a hazardous waste incinerator. A trial burn at the Dow incinerator focused on identifying all of the organic constituents emitted from the stack. A large portion of the organic emissions measured by the FID could be accounted for by the semivolatile, methane, and in some of the runs, ethylene (27) 
